Abstract. Basalts from the four southernmost segments of the subducting Chile Ridge (numbered 1-4 stepping away from the trench) display large variations in Sr, Nd, Pb, and He isotope and trace element compositions. Klein and Karsten [1995] showed that segments I and 3 display clear trace element evidence for recycled material in their source (e.g.. low CefPb). The uniformly midocean ridge basalt (MORB)-like 3He/4He and modest variations in Pb, Sr. and Nd isotopes of segment 1 (nearest the trench) suggest recent (<20 Ma) introduction of a contaminant into its source, consistent with recycling of material from the adjacent subduction zone. In contrast, segment 3 Iavas display a dramatic southward increase in enrichment, extending to highly radiogenic Pb and Sr isotopic compositions (e.g., 206Pb/204Pb = 19.5) and the lowest 3He/4He yet measured in MORB (3.5RA). The segment 3 variations are most readily explained by ancient (-2 Ga) recycling of terrigenous sediment and altered cnist, but we cannot rule out more recent recycling of material derived from a distant continental source. The similarity in isotopic signatures of segment 4 lavas to Indian Ocean MORB extends the Dupal anomaly to the Chile Ridge. Like Indian Ocean MORB, the segment 4 isotopic variations are consistent with contamination by anciently recycled pelagic sediment and altered crust and require a complex history involving at least three stages of evolution and possibly a more recent enrichment event. Southern Chile Ridge MORB reflect the extensive degree of heterogeneity that is introduced into the depleted upper mantle by diverse processes associated with recycling. These heterogeneities occur on a scale of 50-100 kin, corresponding to transform-and propagating-rift-bounded segmentation, and attest to the presence of distinct chemical domains in the mantle often bounded by surficial tectonic features that maintain their integrity on the scale sampled by melting.
mon theme in these and other studies is that the observed chemical enrichments originate through ancient recycling, and therefore the age and location of these recycling events remain obscure.
In a recent study of MORB from the southern Chile Ridge, Klein and Karsten [1995] reported trace element evidence for contamination of the mantle by recycled sediment and altered oceanic crust (Figures 1 and 2 ). The southern Chile Ridge provides an interesting location to study recycling because it is one of the few modern examples of spreading center subduction (Figure 1 ) [Cande and Leslie, 19861 . Previous geophysical and theoretical work on the subduction of spreading centers suggests that the downgoing lithosphere may develop a slab window [Dickinson and Snyder, 1979; Thorkelson, 1996] or may break up in the subduction zone [van den Buekel, 1990] thus providing a potential pathway or mechanism for contaminating the adjacent suboceanic mantle with slab-derived material. Drawing upon these ideas, Klein and Karsten [1995] raised the possibility that the trace element signature of recycling among some of the Chile Ridge lavas may have been introduced into the subridge mantle recently at the adjacent subduetion zone.
While trace element studies may provide evidence for crustal recycling of material to the MORB source and potentially distinguish one type of contaminant from another, they cannot constrain the age of the contaminant and therefore whether the recycled chemical signature of the Chile Ridge MORS is related to recent recycling from the adjacent subduction zone. Radiogenic isotope studies of these lavas, however, can provide constraints on both the timing of the contamination event and the origin of the recycled materials. In this study we c-) Figure 2 . Nh/U versus Ce/Pb for Chile Ridge glasses after Klein and Karsten [1995] (symbols as in Figure 1 ). Also shown are fields for mid-ocean ridge basalts (MORB) and most ocean island basalts (OIB) [Sun and McDonough, 1989; Hofinann c/ al., 1986 , HoJinann, 1988 Hickey ci al., 1986] , marine sediments [Ben Ot/unan etal., 989; Plank and Langmuir, 1993; Plank and Ludden, 1992] , arc lavas Il-f ickey ci al., 1986] , altered oceanic crust (estimate modified from F-fart and Staudigel, [1989] Chauvel ci al., [1992] Plank, [1993] Szaudige! etal., [1995] ) and average upper continental crust (cross labeled CC; Taylor and M'cLennan, [1985] ). Lavas from segments I and 3 extend from the MORB field toward compositions commonly associated with arc lavas, suggesting contamination of the mantle source with a small amount of sediment and altered crust [Klein and Karsien, 1995] . combine constraints from He, Pb, Sr. and Nd isotope systematics with those of trace elements to explore whether the recycled signature in some Chile Ridge lavas may be related to a recent recycling event at the adjacent subduction zone.
Geologic Setting and Background
The Chile Ridge separates the Nazca and Antarctic plates and is currently being subducted beneath the South American plate near 47'S at a rate of 9 cmlyr [Cande and Leslie, 1986] . The southern Chile Ridge is an intermediate rate spreading center (-60 mm/yr full rate) that is generally characterized by a broad (10-20 km wide), deep (3400-4300 m) rift valley [Klein and Karsten, 1995; Cande and Leslie, 1986] . In January 1993 a dredging, wax coring, and mapping program was conducted along the four southernmost segments of the southern Chile Ridge, hounded by the Chile Margin Triple Junction in the south and the Chiloe Fracture Zone in the north, in order to investigate geochemical variations along the ridge axis as a function of distance from the trench ( Figure  1 ). For convenience, these first-order ridge segments are numbered 1-4, with increasing distance from the trench. Detailed descriptions of the morphology of each segment are provided elsewhere [Karsten a al.. 1996; Sherman a al.. 1997] . Volcanic rock and glass fragments were recovered at 52 sites; all sites were located in the axial valley, with the exception of three sites which sampled two near-ridge seamounts (stations 24 and 55) and a short elevated off-axis ridge east of segment I (station 12). ]nitial trace element results showed that a large number of lavas from the southern Chile Ridge are unlike the majority of MORE or most ocean island basalts (0113) sampled previously [e.g., Klein and Karsten, 1995] . Specifically, samples from segments 1 and 3 extend well outside the MORE field toward low Nb/U, Ce/Pb, and Rb/Cs and high ThfLa, compositions commonly associated with arc lavas (Figure 2 ). In addition, lavas from segment 4 extend toward low Ce/Pb and high Tb/La but at MORD-like values of Nb/U (Figure 2 ). Major element systematics suggest that both normal MORB (N'MORB) (JQTi c 0.15) and enriched MORB (EMORB) (ICTl'i >0.15) collected along all four segments have experienced variable extents of low-pressure fractionation but have been generated by relatively uniform extents and pressures of melting [Sherman et al., 1997] . The absence of systematics in melting parameters with distance from the trench suggests that mantle temperature and spreading rate (and not spreading ridge subduction) exert primary control on the southern Chile Ridge thermal regime [Sherman etal.. 1997] .
Methods
Pb, Sr. and Nd isotope ratios were determined on 21 basalt glass samples (Table 1) . hand-picked under a binocular microscope to avoid alteration and phenocrysts. To remove possible surface contamination, samples were mildly leached for 10 mm. in weak HNO3 and rinsed ultrasonically in deionized water. Sr and Nd analyses were performed on -250 mg of sample following standard cation exchange techniques [Hart and Brooks, 1977; Richard ci at, 1976] . Pb isotope analyses were performed on a separate aliquot of -250 mg of sample, using a chemical separation technique patterned after that of Manhes et at [1978] . All Sr, Nd, and Pb isotope measurements were performed on a Va-SECTOR 54 mass spectrometer at the University of North Carolina at Chapel Hill. A few samples were spiked with a mixture of enriched 50Nd, '49Sm, 87Rb, and 4Sr for isotope dilution determinations of Nd, Sm, Rb, and Sr; these results agree well with inductively coupled p'asma mass spectrometry (ICP-MS) determinations [K!ein and Karsten, 1995; E. M. Klein et al., manuscript in preparation, 1998 ]. Blanks and standard measurements are reported in the Table I footnotes. Helium isotope ratios were determined on a subset of 1 4 samples (Table 1 ; sample locations shown in Figure 1 ). Large glass chunks (-50 mg) were hand-picked under a binocular microscope and were ultrasonically cleaned with ethanol and deionized water. 150-250 rug of each sample were loaded into a sta.inJess steel canister and crushed in vacuum using a solenoid-actuated piston made of magnetic stainless steel.
Crushed powders of 10 samples remaining from these analyscs were sieved to <100 .tm and melted in a resistively heated furnace. All measurements were performed in the laboratory of J. Lupton at the National Oceanic and Atmospheric Adrninistration (NOAA) Pacific Marine Laboratory in Newport, Oregon, on a double collector mass spectrometer designed for high-precision helium analyses as described by Graham ci al. [1990] . Blanks were run before every analysis and were negligible (see Table 1 ).
Results
He, Pb, Sr, and Nd isotope compositions of southern Chile Ridge glasses are presented in Table I and Figures 3 and 4 ; also included in Table I U, Th, and Pb abundances analyzed by ICP-MS and reported elsewhere [Klein and Karsten, 1995; F. M. Klein et al., manuscript in preparation, 1999] and He contents determined both by crushing and fusion of the remaining powders. As a whole, the Chile Ridge lavas are unusually diverse in isotopic composition, encompassing much of the variability among MORB worldwide, In addition, each ridge segment exhibits unique isotopic systematics.
4.1. Segment 1
Although segments 1 and 3 display similar trace element systematics (Figure 2 ), the two segments have markedly different isotopic characteristics. Despite their wide variability in trace element compositions extending from NMORB Ce/Pb (26) in the norih to arc lava-like Ce/Pb (13) nearest the trench, segment I lavas have a restricted range in Sr (8'Sr/87Sr 0.7027), Nd ('4'Nd/'"Nd-' O.5L310), and Pb isotope composition (e.g., 206Pb/20'Pb= 18.2-18.4; Figure 3 ). Furthermore, they exhibit uniform and MORB-like 3HePHe (7.94-8.03 RA is atmospheric ratio of I.39X10'; Figure 3b ).
Compared to MORE worldwide, segment I lavas generally lie in the region of overlap between Atlantic-Pacific MORB and Indian MORE, i.e., they have slightly elevated 208Pb/204Pb and 2olPb/2MPb for a given 2°'Pb/204Pb (Figure 4 ).
4.2, Segment 3
Segment 3 lavas form a dramatic north-to-south spatial gradient in isotope compositions (Figure 3 ). They range from NMORB compositions in the north (e.g., 206Pb/204Pb =18.3, (8?Sr/B7Sr =0.7025, 3Fie/4He =7.84 RA, Ce/Pb=23.8) to highly radiogenic and enriched values in the south (e.g.. 20Pb/204Pb =19.5, (Srf87Sr =0.70407, Ce/Pb=13.5) and notably extend to the lowest HePHe yet measured in MORE (3.5 RA). Art off-axis seamount (D55-5) located near the southern end of segment 3 displays an isotopically extreme version of the segment 3 enrichment (Table I) . Compared to oceanic basalts sampled elsewhere, segment 3 lavas show some Pb-Sr-Nd isotopic affinities with lavas from the Society Islands [Devey ci al., 1990; Clzauve! a al., 1992; Pa!acz and Saunders, 1986; Staudacher and A1!ègre, 1989 ], although they extend to more radiogenic Pb isotope values and have unusually low '43Nd/"4Nd for a given Sr/Sr compared to Society lavas [I-tart, 1986] (Figure 4a ). The closest known hotspots to the study area, manifest in the islands of Juan Fernandez and San Felix located more than 1000 km north, possess Pb isotope compositions similar to the more radiogenic basalts of segment 3 but, in contrast, have high 3He/4Hc (up to 18 RA [FarIcy et al.. 1993] ), a signature which is absent along the southern Chile Ridge.
Segment 2
The limited sampling of segment 2 displays a north-tosouth trend from modestly higher 87Sr/7Sr and 206Pb/2°4Pb (e.g., S1Sr/$Sr =0.7030) and lower '43Nd/"Nd and 3HeeHe (e.g., 3HetHe =6.4 RA) in the north to values more typical of NMORB in the south (e.g.. SSr/WSr =0.7025, 3Fle/41-le =7.5 RA). The relatively more enriched compositions in the north resembLe the enriched chemical composition of southern segment 3 lavas (Figure 3 ) and may indicate some contamination of northern segment 2 subridge mantle with a source similar to that of southern segment 3. As a whole, the seg- ) offers some support for the controversial idea that the Dupal anomaly is indeed globe encircling in extent [Castillo, 1988] . While lavas with Dupal characteristics occur sporadically outside of 30-60'S (Shirey et at, 1987; Graham a at, 1988; Rotten ci at, 1994] , previous work has shown it to be most prevalent in this latitudinal band. In our sample suite the Dupal characteristics occur only in samples from segment 4, and previous sampling of the northern Chile Ridge at 37°S shows no evidence of this anomaly [Bach et al., 1996] . Therefore, although segment 4 provides evidence for the occurrence of the Dupal anomaly in the subridge mantle of the eastern Pacific, sampling to date suggests that the anomaly is not widespread.
Discussion
Each of the four transform-bounded segments along the southern Chile Ridge is compositionally uniquc. Thcsc spatial systemalics suggest that the mantle in this region is heterogeneous with respect to lie, Pb, Sr. and Nd isotopic composition and, by inference, to time-integrated U/He, U/Pb, Th/Pb, Rb/Sr. and Sm/Nd ratios, on a scale at least as small as that of the ridge segments ('50-l0O km; Figure 1 ). Furthermore, within each ridge segment, there exists a range of compositions which demonstrate an even flner scale of source heterogeneity.
5.1. Segment 1 Klein and Karsten [1995] showed that segment I lavas display trace element signatures which suggest incorporation in their source of recycled, continentally derived material. The heavily sedimented nature of this ridge segment due to its location immediately adjacent to the trench raises the possibility that the observed recycled trace element signature (e.g., low Ce/Pb, Nb/U; Figure 2 ) may result from incorporation of ocean floor sediment during magma residence or upon eruption. In order to evaluate the feasibility of contamination via assimilation we have measured the isotopic and trace element composition of a nearby surface sediment (D24-l) and used it as the assimilant in a simple assimilation-fractional crystal- El5/65, and (1) '43Ndt'Nd for Chile Ridge glasses (symbols as in Figure 1) . Locations of the trench, fracture zones, and propagating rifts (PR) relative to the ridge segments are noted. Fields shown are for MORB [Hofitwnn et al., 1986; Hofmann, 1988; Sun and McDonough, 1989; Lupton and Craig, 1975] . Analytical uncertainties (±2c) that exceed symbol size are shown at right. ment 2 lavas lie in the region of overlap between AtlanticPacific MORS and Indian Ocean MORB, although they extend to lower 206Pb/204Pb (to 17.8) and slightly elevated 87Sr/57Sr, 205Pb/'04Pb and w?Pb/2NPb compared to segments I and 3 and thus extend into the Indian Ocean MORB field (Figure 4) . lization (AFC) model [DePaolo, 1981; Reagan ci al., 1987] . Results of the AFC calculations over a range of rates of assimilation to crystallization (R,IR=O.0l to 0.9) fail to reproduce the segmenL 1 isotopic trends (e.g., Figure 5a ) and in terms of trace elements form trends which, although they reproduce the segment 1 lavas on individual plots, require inconsistent parameters depending on the elements involved Nb/U Ce/Pb ing the modeling approach of Klein and Karsten [1995] , we have explored a simple contamination model involving subduction of sediment (see Figure 5 caption) and altered oceanic crust, mixing of this recycled material with depleted mantle to form localized heterogeneities, and subsequent mixing of melts from the contaminated mantle with MORB melts. These model results reproduce both the trace element and isotopic trends observed along segment 1 (least well reproduced is the 57Srt7Sr trend, which may require a higher MORB 87Sr/87Sr depleted end-member; Figure Sc ). This suggests that only a small amount (-2%) of a recycled contaminant (consisting of -20% sediment and -80% altered crust) mixed into the depleted mantle is required to explain the segment I trace element and Pb, Sr, and Nd isotope trends.
Segment I lavas have relatively high 3He/41-le values (-8 RA). The timing of the recycling event for segment 1 can be roughly constrained through the 3He/4He systematics because this ratio can decrease over relatively short timescales due to the decay of U and Th. The high 'HetHe ratios of segment 1, therefore, can be used to estimate the amount of time which may have passed since recycling without producing a significant reduction in 3HetHe. This calculation requires knowledge of the U/He ratio of the source which we estimate from the U and [He] contents of the most enriched segment I sample Figure 5a , AFC trends using local sediment (D24-l; dashed lines) or bulk marine sediment (MS Ben Othman e: al., 19891 dotted line) as assimilant with variable rates of assimilation to crystallization (RJR =0.01 and 0.9; labeled); percentages of crystallization are shown. Note that lines for RJRç =0.01 and 0.9 overlap for MS case and 50% crystallization is shown for each RJR . Solid bold lines represent mixing (percent indicated) between a 10% MORB melt (oblique ruled oval) and a 10% melt derived from a mantle contaminated with 2% recently subducted contaminant (consisting of 20% sediment and 80% altered oceanic crust; oval labeled CM). For recycling model calculations, Nb, U, Ce, Pb. Sr, 87Sr/86Sr. and 206Pb/2Pb in mantle source are 0. 269, 0.005, 0.775, 0.031, 12, 0.70248, and 18.15, respectively [Sun and McDonough. 1989; Siolper and Newman. 1994; Hart and Zindler, 1989; Hart and Staudigel, 19891 ; in subducted sediment they are 10, 1.6, 73, 20. 200, 0.71002, and 18,55, respectively [Unruh and Tajsu,nofo, 1976; Ben Othman et al., 1989] (and local sediment D24.-l); in altered crust they are 1.22, 0.275, 6.19, 0.23, 168, 0.70400 and 18.6 . respectively [Staudigel el al., 1995; Chauvel et al., 1992; I-Ian and Zindler, 1989; Dasch, 19811 . Note that a marine sediment of intermediate composi-(ion compared to the global range [Ben Othman et al., 1989; Plank and Langnuir, 1993; Plank and Ludden, 1992] and consistent with measurements of local sediments was used in these calculations because full trace element analyses are not available for the sediment section being subducted in this region [Plank and Langmuir, 19981 . Also shown in Figure 5b arc fields for Nazca plate sediments and altered oceanic crust [Unruh and Tatsumoto, 1976; Dasch, 1981; Sun and McDonough, 1989; Stolper and Newman, 1994] . Bulk distribution coefficients for Nb, U. Ce, Pb and Sr for melting calculations and AFC models are 0.0085, 0.008, 0.011. 0.015, and 0.015, respectively [Green, 1994; McCulloch and Gamble, 1991; Sun and McDonough, 1989; Stolper and New,nan, 19941. Analytical uncertainties (±2a) Graham, 1990] . We infer that relatively short timeseales (106 to 10' years) are involved for introduction of recycled components to the subridge mantle, suggesting that the unusual enriched sigiiature in the segment I lavas may derive from contamination from the adjacent subduction zone.
The fact that the adjacent subduction zone is a plausible source of recycled material for segment 1 raises the important question about how these contaminants have been introduced into the subridge mantle. There are several possible mechanisms which may produce this result, and we can only speculate on which may occur here. First, as a young, hot, buoyant ridge approaches a trench, resistance to subduction may cause the subducting lithosphere to break up [van den Bucket, 1990] , and as a result, portions of the slab (or slab-derived components) may founder or be sheared into the suboceanic mantle underlying segment I ( Figure Ga) . Second, continued spreading at the ridge following subduction may occur without magrnatic accretion and may lead to the development of a "slab window" within a subduction zone [Dickinson and Snyder, 1979; Thorkelson, 1996; Ramos and Kay, 1992] . In this case, materiat derived from the subdueting lithosphere or from the metasomatized mantle wedge may become entrained in lateral mantle flow feeding upwelling under the segment I ridge axis (Figure Gb) , possibly carried by shallow, westward asthenospheric flow which has been postulated for this region [Parmentier and Oliver, 1979] . Third, the subducting spreading center may act to focus rising melt (which has been contaminated with slab components) back toward the trench, in a tunnel formed on the seaward side of the subdueting lithosphere ( Figure Ge) . This latter mechanism may be most plausible because the most enriched samples along segment 1 lie closest to the trench. tn any case, the mechanism must transport materials from the subarc mantle or the subducting lithosphere to the suboceanic mantle on timescales of tens of millions of years given the helium isotope arguments presented above.
Segment 3
One of the most striking aspects of the chemical variations along segment 3 is the low helium isotope ratios (3.5 RA compared to MORE of 7-9 RA IKurz and Jenkins, 1981; Graham ci al., 1992b] . Low 'lie/lie ratios such as these, although not previously observed in MORE, have been found in some ocean islands and in island arc lavas and continental hasalts [e.g., Gro.ha'n etal., 1988; Hilton and Craig, 1989; For segment 3, however, the strong correlation of 'HetHc with all other radiogenic isotope ratios measured and with latitude, as well as the "zero age" of the lavas (rendering any post-eruptive ingrowth of 4He insignificant), suggests that the low 'HeI4He of segment 3, like the radiogenic Pb, Sr and Nd isotope ratios, is an inherent characteristic of the enriched end-member in the segment 3 mantle source. Klein and Karsten [1995] noted the low Ce/Pb, Nb/U, and Rb/Cs of segment 3 lavas and showed that like segment I, incorporation of a small amount of subducted sediment and altered oceanic crust into the depleted MORB source can explain their unique trace element signatures (Figure 2) . The isotope variations can be used to further examine the feasibility of this model and to place constraints on the age and origin of the contamination event. The isotopic characteristics of the enriched end-member in segment 3 lavas, particularly the high 207Pb/204Pb, suggest that the contaminant is old: because of the relatively short half-life of 235U, 207Pb/204Pb ratios were largely determined early in Earth's history [e.g., Ben Othman et at., 1989; White, 1993] . Therefore high 207Pb/204Pb of the segment 3 enriched lavas must have been produced during a period of U/Pb enrichment early in Earth's history. The combined isotopes and the trace element systematics suggest two end-member scenarios, which differ in where radiogenic ingrowth occurred and when the contaminant was introduced into the mantle. At one extreme, the segment 3 signature may result from contamination by anciently subducted altered ocean crust (with high U/Pb) [Chauvet et al., 19921 and sediment (with low Ce/Pb) [Chauvel et at., 1992; Ben Othman et al., 1989] followed by ingrowth during residence in the mantle. At the other extreme, the segment 3 signature may result from contamination by more recently recycled material derived from an old continental source [White and Dupré, 1986; Ben Othman et al., 1989; Devey et al., 1990; Hanan and Gmham, 1996] .
The latter hypothesis (recent recycling of old continental material) can be evaluated by examining the Pb isotopic compositions of nearby materials available for recycling.
The isotopic compositions of sediments from Deep Sea Drilling Project (DSDP) Hole 319 on the Nazca plate [Unruh and Tatsumoto, 1976] and along segment I (D24-l; Table 1 ) do not have sufficiently radiogenic Pb isotope ratios to act as an appropriate contaminant for segment 3 lavas (Figure 7) .
Similarly, materials which may be eroding into the southern and central Chile Trench, including basement material from southern and central South America, and various lithologies including Andean volcanic rocks and cerrigenous sediments also fail to provide a source with sufficiently radiogenic Pb isotopes ( Figure 7 ) [Kay et al., 1996 , Aitcheson er al., 1995 Tilton and Barriero, 1980; Barreiro and Clark, 1984; Allègre et at., 1996; J. Tarney, personal communication. 1998 ].
This finding does not preclude incorporation of material from a more distant source and subduction zone which is recycling sediments containing a large proportion of old continental material [e.g., White et al., 1985; White and Dupré. 1986] (Figure 7 inset) or, alternatively, from the southern South American lower crust (of unknown but presumably not "ancient" composition) by a process such as tectonic erosion of the basement by the subducting plate [e.g., Cloos, 1993].
Thus, while we cannot rule out a scenario involving recent recycling of old cratonic material, the lack of a nearby "smoking gun" of appropriate composition renders this less likely than the alternate scenario in which the segment 3 chemical variations are derived from an ancient recycling event (with ingrowth of radiogenic signatures occurring in the mantle). This latter explanation is also commonly invoked to explain the similar isotopic and trace element variations in ocean islands with recycled signatures (EMil) such as the Society Islands [e.g., Chauvel et al., 1992; Hé,nond et at., 1994; White, 1985; White and Hofinann, 1982] (Figure 4) . Modeling of the segment 3 variations in a manner similar to that developed for the Society Islands [e.g., Chauve! et al., 1992; Devey et al., 1990; Staudacher and At!ègre, 1989] shows that the observed segment 3 trends can be reproduced by recycling a small amount of altered oceanic crust plus terngenous sediment (e.g., -8-15% contaminant consisting of -3% terrigenous sediment and -97% altered crust) to the mantle at -.2 Ga [e.g., White and Hofmann 1982; Chauvel et at., 1992; Weaver, l99la. l991b; Klein and Karsten, 1995] (Figures 8 and 9 ). In contrast, mixtures of ancient pelagic sediment (in amounts >1%) with altered crust (Figure 8 and 9 ) and young mixtures of either pelagic or terrigenous sediment with altered oceanic crust (Figure 8 ) fail to reproduce the segment 3 trends. These models assume bulk addition of recycled components, rather than selective contamination as a result of processing within the subduction zone, because our understanding of how the composition of material returned to the mantle may differ from what is subducted is insufficient [cf. Stolper and Newman, 1994; Plank and Langmuir, 1998 ]. Recent work on volatiles on these samples, for example, suggests that a hydrous siliceous melt may be the phase in which recycled components were transferred to the segment 3 mantle source [Sherman, 1998] .
The broadly defined age constraint for the segment 3 mantle contaminant (-2 ± 0.5 Ga) derives from the Pb isotopes (Figure 8a ). Helium isotopes provide little constraint on the timing of ancient recycling events because the 3HetHe ratio changes rapidly over these timescales and because the U/He ratio of the mantle is poorly known [e.g., Hart and Zindler, 1989 ]. Nonetheless, model results using estimates of the mantle U/He ratio through time (Table 2 ) 1989] and using U/He values that vary over 3 orders of magnitude to bracket the uncertainty are broadly consistent with the -2 (± 0.5) Ga timing of the segment 3 recycling event obtained through the Pb isotope modeling (Figure 8b ). In the context of our preferred model of ancient recycling for segment 3 the fact that the contaminant has retained its chemical integrity implies that the segment 3 contaminant experienced isolation from convective stirring in the mantle for most of its history. The regular along-axis variation and strongly binary nature of the trends formed by segment 3 Iavas suggest that the contaminant is discrete and relatively homogeneous on a scale sampled by melting. The heterogeneity underlying the southernmost portion of segment 3 therefore appears to have a history which began more than a billion years ago, with subduction of a minor amount of terngenous sediment and altered oceanic crust; thereafter, it remained isolated from mantle convection, perhaps stored as a raft of material in a boundary layer at depth [e.g., McKenzie and O'Nions, 1983; McCuttoch, 1993; Hanan and Graham, 19961 . In the relatively recent past this small plum of material probably rose diapinically through the upper mantle and emerged beneath the southern portion of segment 3. Disturbance of the boundary layer in which this blob was originally stored may have been initiated by pulsation from the nearby subducted plate [Larsen el at., 1996] .
Segment 4
Segment 4 lavas differ from segment I and 3 lavas in both trace elements and isotopes (Figure 3) . In particular, the iso- Xenoliths from Precordilleran haseipent. Argenliia topic variations reflect an affinity with Indian Ocean and Dupal compositions (Figure 4) . The similarity to Indian Ocean MORB compositions raises the possibility that the unique geochemical signatures of segment 4 lavas may result from processes similar to those that produced the distinctive Indian Ocean MORB signathre. Previous studies of Indian Ocean MORB have suggested that their particular isotopic characteristics may bc due to an ancient, basin-wide, contamination event resulting from delamination of continental Lithosphere possibly related to the breakup of Gondwanaland leg.. Mahoney er aL, 1992; Hart, 1984] . Others, however, have called upon contamination via subduction of sediment with altered oceanic crust followed by homogenization in the mantle [e.g., 1-Jamelin etal., 1986; Price et al., 1986;  In a recent study of isotope and trace element data for Indian Ocean MORB. Rehkamper and ffof; nann [1997] concLuded that mixing a small amount of pelagic sediment and altered oceanic crust into an Atlantic-Pacific-type depleted mantIe may explain the high 207Pbf204Pb b and 20tPb/204Pb observed in Indian Ocean MORB. They confirmed the findings of Weaver [1991b] that the low ji of pelagic sediment [Ben Oth.'nan et al., 1989] results in substantially retarded ingrowth of 206Pb/204Pb relative to uncontaminated mantle with incorporation of only a few percent ancient pelagic sediment, a model which has also been invoked to explain EMI-type sources [e.g., Weauer, 199lb; White and Hofinann, 1982; Chauvel etal., 1992] . Since the segment 4 lavas share some of the observed Indian Ocean (and EMI OW) trace element (e.g., low Nb/U, high Ba/Nb) and isotopic characteristics, we examined a similar scenario for the development of the two [Kay et al., 1996] ; basement material (orthogneiss, schist) beneath the southern and northern Altiplano and the Eastern Cordillera centered in Bolivia [Aitcheson et al., 1995; Tilion and Barriero, 1980] ; and southern South American metapelitic basement material (samples provided by J. Tarney). Neither local sediment (horizontal ruled fieLds) nor any known South American lithologies (open fields) that may be currently subducted at the Chile Trench forms a suitable endmember for the segment 3 basalt array (solid circles). Inset shows possible distant source of recycled material derived from northern South American lithologies for segment 3 lavas; field shown for sediments sampled in front of the Antilles arc which eroded from Archean Guiana basement in northern South America [White and Dupré, 1986 ]. We cannot rule out possible incorporation of sediment from a distal old continental source that was subducted at a distant subduction zone and convectively conveyed to the mantle beneath segment 3.
segment 4 signatures. These results suggest that the segment 4B systematics may be consistent with a simple contamination model consisting of three stages of isotope evolution and mixing of MORB melt with melts from mantle contaminated at least a billion years ago with pelagic sediment and altered oceanic crust (e.g., 10% contaminant consisting of 3-7% ancient pelagic sediment and 97-93% ancient altered crust, Figure 10 and Table 3 (Figure lOa inset and lOd) suggests that the enrichment event also affected the segment 4B mantle source. Furthermore, the MORB-like 3He/4He ratios (7.97 to 8.41 RA) of both segments 4A and 4B coupled with their high U abundances (up to 0.25 ppm; Table 1) suggest that this enrichment event occurred so recently that it has not yet affected the helium isotopes [e.g., Hart and Zindler, 19891 . Recent work on volatiles in these samples also suggest that the segment 4 mantle source has been metasornatized by an aqueous fluid [Sherman, 1998] .
Although the helium isotope compositions are similar for both segment I and segment 4 (Figure 3) , it is important to emphasize that the segment 4 inter-isotopic trends, as a whole, differ significantly from those of segment I ( Figure  4 ). In the case of segment I, all the isotopic and trace element evidence points toward a simple explanation of recent recycling of locally subducting sediment and altered oceanic crust. Table 2 [Hart and Zindler, 1989] , are also consistent with the -2 Ga time since recycling (see text). lop inset shows two-stage model for ingrowth of 3HeJ4He and 206Pb/204Pb for primitive mantle (PM) from -4.4 Ga to 2.0 Ga (stage 1) and for altered oceanic crust (AC), terrigenous sediment S) and pelagic sediment (PS) from 2.0 Ga to present; model parameters are given in Table  2 . At the beginning of the second stage, altered oceanic crust with sediment is formed and subducted resulting in reduction of 3He/1Hc. Note that the "two-stage" terminology is somewhat misleading because the crustal component reflects a multistage evolution that is not considered in this model. Solid circles show the present composition of aged pelagic and terrigenous sediment and altered oceanic crust. Bottom inset shows detail of top inset for mixing systematics (dashed lines) for producing contaminated mantle (model B) shown in Figure 8b . The contaminant (open circle labeled 3%) is a mixture of 3% temgenous sediment and 97% altered oceanic crust. The contaminated mantle (shaded oval labeled 8%) is produced by mixing 8% of the terrigenous sediment-altered oceanic crust mixture with the depleted mantle (oblique ruled oval). Using these mixing proportions, different compositions of contaminated mantle result from variations in the time since the beginning of stage 2 and are shown in (Figures 8a and 8b ) with aging of recycled material for 1, 1.5,2, or 2.5 Ga (insets show ingrowth and mixing for 2 Ga example; thus the shaded oval in bottom inset is equivalent to the shaded oval labeled 2 Ga in (Figure 8b ). The calculated trends (models A and B) in (Figures 8a and 8b) show mixing between a 10% melt derived from mantle contaminated 1-2.5 Ga (labeled shaded ovals) and a 10% MORB melt (oblique ruled oval). Bulk distribution coefficients for Pb and He for melting calculations are 0.015 and 0.008, respectively [Stolper and Newman, 1994; Marty and Lussiez, 1993] . In the case of segment 4, however, the Pb isotopes require a poorly constrained but clear multistage evolutionary history. As a result, segment 4 lavas, like many of the Indian Ocean MORB they resemble, require a complex history involving severaL stages of variable enrichments over hundreds of millions to billions of years and at least one enrichment event that occurred relatively recently.
Conclusions
This study provides a window into the extensive degree of heterogeneity that is introduced into the depleted upper mantle by diverse processes associated with plate tectonic recycling. The largest variability along the southern Chile Ridge occurs on a scale of 50-100 km. corresponding to the transform-and propagating-rift-bounded segmentation. A schematic drawing summarizing our conclusions is shown in Figure 11 . The enriched signature of segment I, strongest near the trench and diminishing to the north, shows evidence of Table 2 ).The calculated trends (models A, B, C. and I)) show mixing between 10% melt derived from mantle variably contaminated with anciently recycled material (shaded ovals) and normal MORE melts (oblique ruled ovals) also produced by 10% melting. Models B and D show mixing between MORB melt and melt derived from mantle contaminated 2.2 Ga ago with 8 and 15% recycled altered ocean crust with terrigenous sediment in a 97-3% mixture; Models A and C are similar to models A and B except that pelagic instead of terrigenous sediment is incorporated. Ce/Pb and 3HePHe cannot resolve pelagic versus terrigenous sediment. Bulk distribution coefficients arc from Figures 5 and S except for Nd, which is 0.005 [Stolper and Newman; 1994; Green. 1994] . Model parameters are reported in Table 2 .
recent contamination with terrigenous sediment and altered oceanic crust possibly related to the adjacent subduction zone. Segment 2 is the shortest ridge segment in the region and does not display a distinctive type of enrichment, although lavas erupted at its northern end appear to be influenced by material derived from a source similar to that at the southernmost end of segment 3 (located 50 km wcst). The radiogenic He, Pb, and Sr (and unradiogenic Nd) signature in segment 3 lavas, most pronounced in the south and diminishing gradually to the north, suggests a history of ancient subduction of altered oceanic crust plus terrigenous sediment which may have been recycled to the deep mantle and isolated from convective mixing for most of its history. The approach taken in this study is based on the combined use of radiogenic isotopes and trace elements to identify plausible types and amounts of contaminants introduced into the mantle and their evolutionary history. While this is a common approach to model recycled signatures in MORB and OIB sources, it is underconstrained. Assumptions must be made about the bulk composition of altered oceanic crust based on limited exposures of the upper igneous section of modern sea- Nb/U showing mixing systematics for lavas from segment 4A (crosses) and 4B (diamonds). In Figure 1 Oa, growth curves are shown for a three-stage isotopic evolution model for segment 4. The first stage (4.55-3.0 Ga; solid line) represents evolution of primitive mantle. The beginning of the second stage (at 3.0 Ga) marks the formation of the continental crust and depleted mantle (dashed lines are stage 2 growth curves for each). At the beginning of the third stage (1.5 Ga), oceanic crust is formed from the depleted mantle and hydrothermally altered, and pelagic sediment is deposited with a continental isotopic signature (dotted lines are stage 3 growth curves for each). Altered oceanic crust is subducted with pelagic sediment although their evolution is considered separately in the model, (Note that the "three-stage" terminology is somewhat misleading because the crustal component reflects a multistage evolution that is not considered here.) Recently, the altered crust and pelagic sediment mixed with depleted subridge mantle to form localized heterogeneities. During upwelling, these heterogeneities melt and the contaminated melts mix with depleted MORB melt (shown in Figure l0a inset). The calculated trends in the inset to Figure Wa and Figures lOb-lOc show mixing between a 10% MORB melt (oblique ruled oval) and a 10% melt derived from mantle contaminated with 10% recycled material (consisting of 3% (model A), 5% (model B) and 7% (Model C) pelagic sediment with 97%, 95%, and 93% altered oceanic crust, respectively). Bulk distrihution coefficients for melting calculations are from Figures 5 and 9. Elemental abundances and isotopic composition for model components during each stage are summarized in Table 3 . Geochemical parameters are given that are used to model contamination of the mantle beneath segment 4. Calculations are similar to those in Table 2 except three stages of evolution were considered instead of two. Growth curves for all three stages are shown in Figure ba . The trace element and isotopic composition of primitive mantle, continental crust, altered oceanic crust, pelagic sediment, and depleted mantle are drawn from references in Table 2 . tainties, the fact remains that trace elements and isotopes currently provide our best way to track the evolution of distinct portions of the mantle. Our results for the southern Chile Ridge show that unique combinations of isotope and trace element signatures can be used to constrain distinct evolutionary histories resulting from diverse recycling processes.
